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ABSTRACT
This article is concerned with incipient plasticity in an InP crystal studied by nanoindentation experiments and ab initio simulations. We
consider dislocation-nucleation phenomena and pressure-induced phase transformation to be the alternative mechanisms that govern the
elastic-plastic transition displayed by the InP crystal. The ab initio calculations have shown that S- and Zn-doping of the low-pressure
zinc blende structure of InP decreases the pressure of phase transformation of the rock-salt structure. The nanoindentation examination
of undoped as well as S- and Zn-doped crystals of (001) and (111) orientation revealed an increase in contact pressure at the onset of plastic
behavior (pop-in) for doped specimens. As they are contrary to the outcomes of the ab initio simulations, the results of nanoindentation
experiments point toward dislocation nucleation as an origin of InP incipient plasticity. Additional investigations were performed on an
undoped as well as Si-doped GaAs crystal, which showed that the contact pressure at the pop-in event takes a lower value for the Si-doped
sample than the undoped sample. This result is in contrast to the case of the InP crystal displaying phase transformation-steered incipient
plasticity of GaAs. Our investigations exhibit the complexity of the semiconductor’s nanodeformation simultaneously providing a convenient
way to identify its incipient plasticity mechanism.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5128784., s
Nanoindentation-induced incipient plasticity in initially
dislocation-free crystal volume is reflected by the first discontinuity
in the load-displacement (P-h) curve, which occurs when the inden-
ter suddenly penetrates deeper into a material under a constant load.
This effect, known as the pop-in, marks the onset of elastic-plastic
transition. Such a pop-in is associated with the nucleation of dislo-
cations as far as metallic crystals are concerned.1–4 For semiconduc-
tors, however, the appearance of this specific singularity frequently
involves structural phase transformations, as shown for nanoin-
dentation deformed Si5 or GaAs.6–8 Interestingly, semiconductor
nano-objects may deform plastically without phase transformations,
which was demonstrated in Si nanowedges9 and nanoballs,10 as
well as GaAs micropillars.11 The effect of competition between
phase transformation and dislocation-nucleation on elastic-plastic
transition disclosed for Si and GaAs turned our attention to another
semiconductor, namely, indium phosphide (InP). Due to its promis-
ing optoelectronic properties, the InP zinc blende crystal is used in
a variety of electronic and optoelectronic devices (e.g., high-power
and high-frequency electronics, solar cells, photodetectors, and pho-
todiodes).12 However, in order to extend the application range
of InP in the field of microelectromechanical systems (MEMS),
a deep understanding of InP mechanical properties is equally
necessary.
The available experimental data stipulate the nucleation of
dislocations as a cause of InP incipient plasticity. In fact, the investi-
gations of the plastically deformed zone around the residual impres-
sion reveal complicated dislocation patterns,13–18 while never dis-
closing the trace of structural phase transformation. Raman spectra
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collected from a pristine surface and compared to these obtained at
the center of an indent17 serve as a good example of such research.
Since the abovementioned structural investigations were carried
out after nanoindentation experiments, we are convinced that it
is premature to exclude the effect of phase transformation on the
nanoindentation-induced elastic-plastic transition in the InP crystal.
In order to determine the mechanism that leads to the initia-
tion of plastic deformation in nanoindented InP, we anticipated the
doping-dependence of incipient plasticity because the presence of an
admixture in a crystal lattice may affect both phase transformations
and dislocations nucleation. In fact, the phase transformation from a
zinc blende (zb) to a rock-salt (rs) structure in the InP crystal doped
by Fe occurs at a pressure of 8.4 GPa,19 which is significantly lower
than the transformation pressure of undoped InP (9.8–13 GPa, see
Refs. 20–22), which is well in line with the results obtained for Se-
doped InP.23 Furthermore, the doping of InP causes an increase in
microhardness24 and yield stress25,26 and it suppresses the gener-
ation of dislocations during crystal growth.27,28 Consequently, the
presence of dopants in the lattice of the InP crystal should increase
the shear stress required for the dislocation to nucleate. In other
words, if the elastic-plastic transition is caused by the nucleation
of dislocations, the doping of InP should increase the contact pres-
sure at the pop-in, while an opposite effect is expected to occur
when the elastic-plastic transition is governed by structural phase
transformation.
In this study, we present nanoindentation experiments, sup-
ported by ab initio quantum calculations, carried out on undoped
and doped InP crystals with different crystallographic orientations.
For the sake of comparison, the output of our research also contains
the findings regarding the doping effect of GaAs, which is in contrast
to the case of InP.
Load-controlled nanoindentations (Triboindenter TI-950)
were carried out using a conical diamond probe with a spherical
tip. The experiments were performed on an undoped and doped
InP crystal surface of (001) and (111) crystallographic orientation,
respectively, fabricated by the vertical gradient freeze method. Addi-
tional measurements of undoped and Si-doped (001) GaAs crystals
were performed for the sake of comparison. The carrier concentra-
tions (n) of the doped InP crystals are shown in Table I, while this
parameter is in the range 7.2–11.7 × 1017 cm−3 for Si-doped GaAs.
Since the dislocation etch pit density was lower than 4000 cm−2
(approximate distance between dislocations is ∼150 μm), the exper-
iments with a sharp indenter would be capable of probing both
elastic and plastic properties of investigated crystals within virtu-
ally dislocation-free nanovolume. The experiments were carried out
under a maximum load of 5 mN and 6 mN for InP and GaAs,
respectively. The used load function consisted of 5 s loading and an
equally long unloading path, with a dwell time of 2 s.
The ab initio quantum simulations were performed with the
Quantum Espresso code.29 The ultrasoft pseudopotentials30 and
Perdew-Burke-Ernzerhof exchange-correlation functional31 were
used. In order to achieve highly accurate calculations, the states of
valence electrons were expanded into a series of plane waves with a
kinetic energy cut-off of 80 Ry. Furthermore, the first Brillouin zone
was sampled with the 13 × 13 × 13 Monkhorst-Pack mesh.32 The
effect of doping on the equilibrium pressure (pe) of zinc blende and
rock-salt phases was studied using a supercell composed of 2 × 2
× 2 unit cells in which the central atom was replaced by an admix-
ture. The relaxation of atomic positions was carried out until the
interatomic forces were less than 1.0 × 10−5 Ry/a.u.3. The modeled
concentration of admixtures (6.3 × 1020 cm−3, InP lattice constant
a = 5.869 Å) was higher than the one of our samples (∼1018 cm−3).
Simulation of real dopant concentration required the employment
of a supercell consisting of approximately 10 × 10 × 10 unit cells
with 8000 atoms. Such a large number of atoms causes very high
consumption of computational resources and therefore forced us to
search for a qualitative approach based on a smaller supercell.
The ab initio calculations for zinc blende and rock-salt phases
of the undoped InP crystal resulted in the lattice constants azb
= 5.829 Å and ars = 5.418 Å and the bulk moduli Bzb = 70.5 GPa and
Brs = 88.8 GPa, which are in agreement with the data available in the
literature,33 giving credit to the accuracy of our calculations. How-
ever, the most significant result concerns the changes in enthalpy
with pressure calculated for undoped, Zn-doped, and S-doped lat-
tices. Figure 1(a) shows that an equilibrium pressure of pe = 8.4 GPa
was obtained for the undoped crystal; although a bit lower than the
experimental value of 9.8 GPa,22 it does agree well with the earlier
reported ab initio data.33 The modeling of the zinc blende and rock-
salt structure of doped InP was performed using a 2 × 2 × 2 supercell
in which indium was replaced by zinc, (In, Zn)P, while phosphorus
was replaced by sulfur, In(P, S). This method of atom substitution
was dictated by the atom size analysis and the present ab initio
calculations (refer to the supplementary material). The equilibrium
pressure pe obtained for (In, Zn)P is 7.1 GPa [Fig. 1(b)], while the
case of In(P, S) led us to a slightly higher value of 7.4 GPa [Fig. 1(c)].
These results show that the presence of sulfur as well as zinc atoms
in the InP crystal lattice reduces the equilibrium pressure between
the zinc-blend and rock-salt phases. Hence, it is reasonable to expect
that this particular doping decreases the pressure of the structural
phase transformation in InP.
Numerous nanoindentation experiments were performed on
undoped and doped InP crystals to conclude on the origin of the
TABLE I. The carrier concentration (n), the reduced Young’s modulus (Er) and the pop-in mean contact pressure (pm) measured for various oriented InP crystals.
(001) (111)
InP Undoped S-doped Zn-doped Undoped S-doped Zn-doped
n (cm−3) 3.7–6.5 × 1015 1.7–1.9 × 1018 3.1–3.4 × 1018 3.8–4.3 × 1015 3.2–3.7 × 1018 4.3–4.9 × 1017
Er (GPa) 62.5 ± 0.9 68.6 ± 0.4 67.3 ± 0.6 72.4 ± 0.6 77.8 ± 0.6 76.2 ± 0.5
pm (GPa) 7.6 ± 0.4 8.2 ± 0.3 8.0 ± 0.4 7.5 ± 0.3 7.8 ± 0.3 7.9 ± 0.2
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FIG. 1. The effect of pressure on the enthalpy H = E + pV calculated for zinc blende
(black) and rock-salt (red) phases of the undoped as well as S- and Zn-doped InP
crystal. The equilibrium pressure for the zinc blende and rock-salt phases refers to
the point where the H(p) curves intersect.
InP plasticity (approx. 400 P-h curves were registered for each sam-
ple). We based the pertinent analysis of nanoindentation data on the
equations derived from the Hertz theory of elastic contact between
the sphere and isotropic half-space, P(h) = (4/3)ErR1/2h2/3 and a2
= Rh, where P is the indenter load, h refers to the indenter displace-
ment, R indicates the spherical indenter tip radius, a is the radius
of the contact area, and Er is the reduced Young’s modulus.34 The
tip radius R = 1178 ± 12 nm was estimated using the undoped
GaAs crystal by fitting the load-displacement function P(h) to 100
nanoindentation P-h curves [Fig. 2]. This procedure employed the
reduced Young’s modulus of 87.2 GPa, calculated using GaAs and
diamond indenter elastic constants.35 Furthermore, assuming the
indenter tip radius R is known, the reduced Young’s modulus and
the contact pressure at the onset of elastic-plastic transition (pop-
in) in InP crystals were calculated as pc = 2/3(6PcEr2/(π3R2))1/3,
where Pc is the load at the pop-in.34 We found higher Er values for
doped samples and obtained values given in Table I with the (111)
indentation surface. It is worth noting that inaccuracy in evalua-
tion of the contact pressure of the individual pop-in results from
the uncertainty of the tip radius ΔR measurement by the formula
Δpc = PΔR/(πR2h). For example, the pop-in contact pressure of
10.7 GPa for the P-h curve of GaAs (Fig. 2) was determined with
an accuracy of 0.1 GPa. The inaccurate estimation of load and dis-
placement affects pc to a less extent, namely, at the second decimal
place.
FIG. 2. Typical result of the nanoindentation experiment obtained for undoped
GaAs (black) and InP (red) crystals. The dashed (magenta) curve represents the
Hertz fit to the P-h curve of the reference undoped GaAs crystal. The arrow indi-
cates the pop-in event that marks the onset of nanoindentation-induced plastic
deformation.
The contact pressure distributions obtained for undoped, S-
doped, and Zn-doped InP crystals are presented in the form of his-
tograms (Fig. 3 and 4), for which the bin width (0.156 GPa) was
optimized using the method described in Ref. 36. There is a system-
atic shift in the contact pressure distributions of doped InP towards
higher values (see Table I for the values of the mean contact pres-
sures as well as their variances). In order to discuss the above result,
we estimated the initial (critical) radius of the stable dislocation loop
rc and then compared it with the approximate distance between
the dopants. The description of dislocations will be simplified
within the framework of the linear theory of elasticity that predicts
the critical shear stress for the nucleation of dislocation loops, τc
= (2 − ν)Gb/[(1 − ν)4πrc], where rc = r0e3/4, r0 is the dislocation
core radius, and b is the length of Burger’s vector of dislocation.37,38
We used the Voigt effective shear modulus, G = 36.4 GPa, and Pois-
son’s ratio, ν = 0.29, which were calculated using the following elastic
constants of the InP crystal: c11 = 101.1 GPa, c12 = 56.1 GPa, and c14
= 45.6 GPa.35 Moreover, estimation of the critical radius of disloca-
tion loops requires the shear stress to be resolved in an active slip
system. Here, as an illustration, we will consider the case of indenta-
tion along the [111] direction and the [101] (111) slip system. It can
be shown that for the selected slip system, the maximum resolved
shear stress τ = 0.544(τ1)max,39 where the relationship between max-
imum shear stress and contact pressure comes from the Hertz theory
of elastic contact, (τ1)max = 0.48pc (see the supplementary material).
Now, applying the data presented in Table I, the value of τ for the
undoped crystal becomes1.96 GPa from which the critical radius of
the dislocation loop can be calculated, rc = 3.6b. Taking into account
Burger’s vector of perfect dislocation a/2[110] (a = 0.5869 nm35 and
b = 0.42 nm), the diameter of the dislocation loop of the critical
size is equal to 3 nm, which is of the same order as the approximate
distance between admixture atoms that varies from 8.4 nm to 6.8 nm
(for a carrier concentration of 3.2–4.9 × 1018 cm−3).
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FIG. 3. The histogram analysis showing the relationship between the number of
pop-in events and their contact pressures pc. Indentations were performed along
the (a) [001] and (b) [111] crystallographic axis of the undoped as well as S-doped
InP crystal.
The above analysis shows that the activity of dislocations at the
onset of the elastic-plastic transition can be affected by their inter-
action with the point defects. The resulting pinning effect enhances
the critical shear stress required to move the dislocation from the
impurity atoms. To justify the pinning effect, let us assume L to be
the average distance between point defects. In order to break away
the dislocation from the impurities, the shear stress σc that should be
applied is inversely proportional to the average distance L between
the point defects, σc ∼ 1/L (see the supplementary material). Thus,
the stress ratio σc1/σc2 assumes the form σc1/σc2 ≈ L2/L1, where the
lower indices reflect a different doping level. This means that an
increase in dopant concentration (decrease in the L value) raises the
stress necessary to unpin the dislocation. This outcome agrees with
the observation that doping decreases the density of dislocations
during the growth of InP and it inhibits the mobility of disloca-
tions in a stressed crystal. Consequently, the observed increase in the
FIG. 4. The histogram analysis showing the relationship between the number of
pop-in events and their contact pressures pc. Indentations were performed along
the (a) [001] and (b) [111] crystallographic axis of the undoped as well as Zn-doped
InP crystal.
pop-in contact pressure (Table I and Figs. 3 and 4) can be under-
stood in terms of nucleation and development of the dislocation net
but not the phase transformation for which a decrease in the pop-in
contact pressure is expected from our ab initio simulations.
In order to show the complexity of nanoindenation-induced
incipient plasticity in the semiconductor world, we carried out addi-
tional experiments on an undoped and Si-doped GaAs crystal. It
is known that nanoindentation induced plastic deformation of the
GaAs crystal is initiated by the phase transformation from a zinc
blende to a rock-salt-like structure (space group Cmcm).7,8 Given
that Si doping decreases the pressure of GaAs phase transforma-
tion,40,41 the pop-in pressure distribution of doped-GaAs should be
shifted toward lower pressure. Indeed, this effect was confirmed by
the present experiments as the analysis of nanoindentation results
(Fig. 5) shows the expected shift in pop-in pressure distribution
associated with a slight decrease in contact pressure from 11.1
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FIG. 5. The histogram analysis of the pop-in phenomenon showing the relationship
between the number of pop-in events and their contact pressure pc performed
on the (001) surface of the undoped and Si-doped GaAs crystal. The registered
decrease in the contact pressure distribution is in contrast to the phenomenon
observed for InP.
± 0.4 GPa to 10.9 ± 0.2 GPa. The reason for different origins
of nanoindentation-induced incipient plasticity in InP and GaAs,
although confirmed by our experiments, is unknown and requires
further investigations.
In summary, the nanoindentation examination of the undoped
and doped InP crystals revealed an increased contact pressure at
the onset of the plastic deformation in the doped materials. This
effect led to our conclusions on the dislocations nucleation-steered
mechanism of incipient plasticity of the InP crystal. We discussed
the role of the pinning effect as a potential cause of the observed
mechanical behavior of the InP crystal. The output of our consid-
erations and experiments is in contrast to the results of the exper-
iments performed for GaAs for which phase transformation gov-
erned elastic-plastic transition is expected. In conclusion, we would
like to indicate that our study presents a convenient way to identify
the mechanism of incipient plasticity for semiconducting crystals.
See the supplementary material for nanoindentation data, a
short discussion of InP doping based on ab initio simulations and
comments on the pinning effect.
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